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1427–1433.variations in gene dependency amongst model systems,
Massague, J. (2000). Nat. Rev. Mol. Cell Biol. 1, 169–178.the possibility that these differences reflect more funda-
McCormick, F. (1999). Trends Cell Biol. 9, M53–56.mental developmental strategies among vertebrate em-
bryos also merits consideration. Unlike mammalian em- Parant, J.M., and Lozano, G. (2003). Hum. Mutat. 21, 321–326.
bryos, amphibian embryos develop for their first 12 cell Tchang, F., Gusse, M., Soussi, T., and Mechali, M. (1993). Dev. Biol.
159, 163–172.divisions without G1 or G2 phases of the cell cycle, and
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mesendoderm has been specified) require neither sub- Yang, A., Kaghad, M., Caput, D., and McKeon, F. (2002). Trends
Genet. 18, 90–95.strate attachment nor exogenous signals to maintain
active cell cycling (Winklbauer, 1986). This profound dif-
ference in how the extracellular environment controls
cell proliferation in amphibian and mammalian cells may
have significant implications for how proteins commonly
associated with proliferative regulation may be used
during early development. tRNA Structure Goes from L to Phylogenetic analyses of the p53 family indicate that
p63 was the original member of the family seen in inver-
tebrates, whereas p53 makes its first appearance in
chordates (Yang et al., 2002). Significantly, p53 arose
In this issue of Cell, Ishitani et al. (2003) report, in ain vertebrates apparently in concert with the dominant
crystal, a new L-like structure of tRNA designated asnegative versions of p63 and p73, suggesting the possi-
-form, where disruption of universal tertiary interac-bility that these gene products evolved to interact
tions is compensated by interactions with an enzymethrough common DNA binding sites. We know from
that makes a base modification at the corner of the L.mouse knockouts of the p63 and p73 genes that both
are critical for developmental processes (Yang et al.,
2002). p63 is essential for the maintenance of stem cells The determination of the three-dimensional structure of
for many epithelial tissues, including skin, breast, uro- transfer RNA was a landmark for modern biology (Kim
thelia, and prostate. In contrast, p73 appears critical et al., 1974; Robertus et al., 1974). Instead of a linear
for aspects of neurogenesis, pheromone signaling, and double-stranded helix, tRNA organizes itself into two
reproduction, and the control of inflammatory responses. major domains that are oriented at right angles so as
At least one immediate question that accompanies the to give an overall L shape. A dense network of universally
evolution of p53 was its function: was it selected to conserved base-base and base-backbone tertiary inter-
perform tumor suppression, or rather as an intermediary actions holds the corner or elbow of the L together.
coordinating the p63 and p73 genes and their newly This L-shaped structure is now considered the standard
evolved dominant negative isoforms? Did its develop- three-dimensional format for all tRNAs. Remarkably, a
mental role naturally lead to tumor suppression for the paper in this issue presents a new structure where virtu-
longer-lived vertebrates? Piccolo and colleagues do not ally all of these tertiary interactions are broken (Ishitani
address these questions directly, but rather link p63 et al., 2003), but the resulting new structure is nonethe-
with p53 in somatic cell TGF- signaling (Landesman less L-like. For that reason, it is designated as -form
et al., 1997) and argue that the p53 homologs might tRNA.
interact with TGF- in development. These areas remain The single-stranded tRNA is most commonly com-
largely unexplored and intriguing. Piccolo and col- prised of 76 nucleotides in a sequence that has internal
leagues have much to do to define the molecular mecha- complementarity according to the rules of Watson-Crick
nisms underlying synergism between TGF- and p53 base pairing. As a result of this internal complementarity,
genes in development, but this report suggests an intri- a cloverleaf secondary structure is formed, with four
guing story to come. hairpin helices and three major loops. (A short fourth
loop, the variable loop, is also inserted between two of
the hairpins.) Two helices stack together to give a 12Malcolm Whitman and Frank McKeon
bp minihelix hairpin, terminating at the 3 end with the
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dine). The other two helices of the cloverleaf combine
to form a “dumbbell” helix capped at either end with
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and Piccolo, S. (2003). Cell 113, this issue, 301–314. To build the L shape, the D and TC loops have to
be joined together. The variable loop that is squeezedLandesman, Y., Bringold, F., Milne, D.D., and Meek, D.W. (1997).
Cell. Signal. 9, 291–298. between the two major domains also has to be accom-
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Figure 1. The Conformational Changes of tRNA
(A) Secondary structure (top) and the tertiary arrangement (bottom) of tRNAVal in the canonical conformation (L-form).
(B) Secondary structure (top) and the tertiary arrangement (bottom) of tRNAVal in complex with archaeosine tRNA-guanine transglycosylase
(ArcTGT) (-form). The tertiary hydrogen-bonding interactions are shown by red solid lines. The tertiary stacking interactions are indicated by
red dotted lines in the bottom panels. The modification site by ArcTGT (G15) is encircled in blue. The covalent connectivity of the 76 nucleotides
in the polynucleotide chain is shown by black solid lines in the bottom panels.
network of tertiary interactions knits together the two roles have often remained elusive. However, fully modi-
fied tRNAs are invariably more stable than unmodifiedhalves of the tRNA structure, using in significant part
direct loop-loop contacts (Figure 1, red lines showing transcripts, and certain specific modified bases have
functional significance for mRNA decoding and amino-tertiary connections). The result is a “core” and “corner”
that builds out the L shape. The corner buries, or makes acylation—like lysidine at position 34 in an E. coli tRNAIle
isoacceptor or the 1-methyl G37 modification of yeastless accessible, some of the bases in the joined loops.
Apart from its striking three-dimensional structure, a tRNAAsp (Motorin and Grosjean, 2001). Both of these
modifications are located in the anticodon loop—a re-vast array of modified nucleotides is the hallmark of
tRNAs. Posttranscriptional modifications are seen in gion freely accessible in the three-dimensional structure
of the canonical L shape. In contrast, some modifica-tRNAs throughout all three domains of the tree of life.
They collectively include at least 80 different struc- tions occur in the corner itself, where the two domains
come together. In these instances, it has long been un-tures—encompassing most of the 95 or so modified
bases seen in all RNAs characterized to date (Motorin clear as to how enzymes gained access to make such
modifications.and Grosjean, 2001). That some modifications—such as
, 6-threonyl A, and 1-methyl G—are ubiquitous An example is provided by a base widely present
in archae at position 15 of the D loop. Position 15 isthroughout all domains of life suggests that modifica-
tions were present in tRNAs at the time of the last com- universally conserved as a G that forms a trans pair with
the similarly conserved C48. The 15:48 interaction ismon ancestor.
While modifications are ubiquitous, their biological part of the network that connects the D stem loop with
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despite the absence of the specific tertiary interactions
between G18-G19 in the D loop with U55 (modified to
55) and C56 in the TC-loop (Figure 1B). The “corner”
of -form tRNA is strengthened in part by a new stacking
interaction of A59 in the TC loop over the G23:C48 pair.
But other than this stacking interaction, the structure Coordinate Regulation of
is stabilized by interactions with bound ArcTGT. From an Extended Chromosome Domainexamining the pairing and stacking interactions of L-
and -form tRNA, we doubt that the difference between
the two forms is more than a few kcal mol1, an amount
easily compensated by protein contacts. Spitz et al. (2003 [this issue of Cell]) describe the prop-
That the structure of the minihelix domain in the-form erties of a novel cis-regulatory DNA element, the global
is almost the same as in the L-form is of interest from control region (GCR), which regulates gene expression
an evolutionary standpoint. Several lines of evidence over distances of several hundred kilobases at the
suggest that a minihelix-like RNA arose independently of mouse HoxD complex. The GCR provides an explana-
the anticodon-containing domain and was the historical tion for the colinear genetic linkage and expression of
substrate for aminoacylation (Noller, 1993; Maizels and individual Hox genes within developing limbs.
Weiner, 1994; Schimmel and Ribas de Pouplana, 1995).
The minihelix itself is a substrate for specific aminoacy- Gene expression is regulated by several different
lation by many aminoacyl tRNA synthetases through all classes of cis-regulatory DNAs: enhancers, silencers,
three kingdoms of the tree of life. Evolutionary models insulators, and the core promoter (Figure 1A). The pro-
for the development of tRNA start with a minihelix to moter is the binding site for the RNA pol II transcription
which the second, anticodon-containing domain is complex. Enhancers and silencers work over distances
added later (Di Giulio, 1992; Schimmel and Ribas de of several kilobases or more to stimulate or silence pol
Pouplana, 1995; Rodin et al., 1996). Thus, the invariant II function. Insulator DNAs prevent enhancers and si-
conformation of the minihelix of -form tRNA may be lencers in one gene from inappropriately regulating a
a reflection of the evolutionary pathway of tRNA. For neighboring gene. Recent studies suggest that there
example, selective pressure for retention of aminoacyla- may be a distinct class of cis-regulatory DNAs, “domain
tion may have developed an evolutionary context to limit control elements,” which coordinate the expression of
in general perturbations of the minihelix. Pressure was linked genes over large chromosome domains.
then selectively applied to the second domain to bring A recent bioinformatics survey suggests that linked
in other functions or properties that are manifested in genes exhibit coordinate expression in the Drosophila
genome (Spellman and Rubin, 2002). On average, some-part through modifications.
